Dissolution of carbon-dioxide into formation fluids during carbon capture and storage (CCS) can generate an instability with a denser CO2-rich fluid located above the less dense native aquifer fluid. This instability promotes convective mixing, enhancing CO2 dissolution and favouring the storage safety. Convective mixing has been extensively analysed in the context of CCS over the last decade, however the interaction between convective mixing and geochemistry has been insufficiently addressed. This relation is explored using a fully coupled model taking account the porosity and permeability variations due to dissolutionprecipitation reactions in a realistic geochemical system based on the Hontomín (Spain) potential CCS site project. This system, located in a calcite, dolomite, and gypsum bearing host rock, has been analyzed for a variety of Rayleigh and Damköhler values. Results show that chemical reactions tend to enhance CO2 dissolution. The model illustrates the first stages of porosity channel development, demonstrating the significance of fluid mixing in the development of porosity patterns. The influence of non-carbon species on CO2 dissolution shown in this study demonstrates the needs for realistic chemical and kinetic models to ensure the precision of physical models to accurately represent the carbondioxide injection process.
Introduction
Carbon capture and storage (CCS) may be the most promising measure for mitigating anthropogenic greenhouse gas emissions (Boot-Handford et al., 2014; Chu, 2009; Edenhofer et al., 2014; Haszeldine, 2009; Lackner, 2003; Metz et al., 2005; Oelkers and Cole, 2008) . A likely storage host for much of this CO2 is deep saline aquifers, as they are widely distributed around the globe and have a large potential storage capacity (Bachu, 2003; Bradshaw et al., 2007; Firoozabadi and Cheng, 2010; Metz et al., 2005; Michael et al., 2010; Orr Jr, 2009; Szulczewski et al., 2012) .
The target formations for subsurface geological storage are usually selected to preserve CO2 in a supercritical state. Supercritical carbon dioxide is commonly less dense and viscous than the surrounding native formation fluid and migrates upwards until it reaches an impervious caprock. Once at this caprock, supercritical CO2 spreads laterally. During its migration, some CO2 will dissolve into the fluid creating a transition zone. This CO2-rich aqueous fluid is approximately 1% denser than the native formation fluid (Ennis-King and Paterson, 2003; Garcia, 2001 ) and an instability arises, with a denser fluid located above the less dense native fluid. This instability promotes convection that carries the CO2-rich aqueous fluid downwards generating finger shape CO2-concentration profiles (Ennis-King and Paterson, 2003; Hidalgo et al., 2013; Kneafsey and Pruess, 2010) .
CO2 dissolution is a key process for carbon storage. It increases storage safety by decreasing the CO2 fugacity, lowering the pressure of the supercritical CO2 and, thus, limiting the gas migration and pressure build up. Furthermore, dissolved CO2 promotes water-rock interaction that could mineralize the carbon, further increasing the stability of the carbon storage. As local thermodynamic equilibrium is rapidly attained between supercritical CO2 and the native formation fluid, its dissolution is controlled by the fluid renewal rate. Fluid convection, therefore, can increase dramatically the CO2 dissolution rate.
Recently, field evidence of these processes have been observed (Sathaye et al., 2014) .
Emami- reviewed recent advances in CO2 convective dissolution in saline aquifers through experiments, and theoretical and numerical models. Numerous studies have focused on the physical aspects of convection including the onset of instability and convection, effects of permeability variability, capillarity or aquifers natural flow (Emami- Hassanzadeh et al., 2007; Hidalgo et al., 2012; Hidalgo and Carrera, 2009; MacMinn et al., 2012; Meybodi and Hassanzadeh, 2013; Neufeld et al., 2010; Pau et al., 2010; Rapaka et al., 2008; Riaz et al., 2006; Slim and Ramakrishnan, 2010; Slim, 2014; Szulczewski and Juanes, 2013) . However, much less is known about the interaction between convective mixing and geochemistry.
Although slow mineral-fluid reactions have little impact on gravitational instability, significant impact could be expected for fast reactions (Ennis-King and Paterson, 2007) . A number of numerical analysis have assessed the effect of second order (Ghesmat et al., 2011) and first order Cardoso, 2012, 2011) mineral carbonation reactions on convection in aquifers. Such reactions typically stabilize the system; Cardoso, (2012, 2011 ) determined a Damköhler-Rayleigh ratio above which convective mixing is not possible. Such behaviour has been studied in a steady-state regime (Ward et al., 2014) , and extended to 1) anisotropic media (Hill and Morad, 2014) , 2) a transient nonlinear case (Kim and Choi, 2014 ) and 3) using a Darcy-Brinkman formulation (Kim and Kim, 2015) .
In a previous study, Cardoso and Andres (2014) showed theoretically and experimentally that natural convection can be retarded, or even inhibited, by chemical reactions in silicate-rich aquifers. In contrast, Loodts et al. (2014) found theoretically that the impact of chemical reactions on convection depends on the monotonicity of the densityconcentration profile in the system and showed experimentally that convective mixing is enhanced by the reaction of dissolved CO2 with NaOH. These contrasting results emphasize the need to introduce realistic geochemical kinetics to accurately model the temporal evolution of carbon injection sites.
Alteration of the solid matrix due to mineral precipitation and dissolution may vary porosity, thereby altering the flow within an aquifer (Hewitt et al., 2013; Hidalgo et al., 2012) . Fu et al. (2015) and Hidalgo et al. (2015) studied such interactions based on a mixing-limited reaction, assuming chemical equilibrium, and found that dissolution occurs in areas of high fluid mixing. Such effects are especially significant at flow stagnation points where the mixing layer is compressed and the transition between fluids with distinct compositions is shorter (Hidalgo et al., 2015) .
This study explores numerically the interplay between geochemistry and convective mixing and its effect on CO2 solubility trapping in a potential industrial CCS project in northern Spain. A pilot CO2 geological storage project in deep saline aquifer is being coordinated by CIUDEN (CIUDad de la ENergía Foundation). The injection site is located in Hontomín (Burgos, Spain) within a carbonate-hosted aquifer, initially equilibrated with calcite, dolomite and gypsum. Calcite dissolution is assumed to follow a kinetic rate equation, whereas gypsum is assumed to react at local equilibrium. These reactions will alter fluid density, porosity, and permeability, and therefore the fluid flow patterns. This study builds upon similar efforts by Fu et al. (2015) and Hidalgo et al. (2015) by adding a more complex chemical system and showing the degree to which convective mixing can be enhanced by chemical reactions. Most notably, this study illuminates the effect of noncarbonate mineral reactions on CO2 dissolution in carbon storage. It demonstrates the need for a site specific geochemical assessment of potential CCS sites and the need to take specific account of all potential mineral-fluid reactions that may occur within the subsurface carbon storage system. The influence of Damköhler and Rayleigh numbers is (Galeati and Gambolati, 1989; Goode, 1992; Saaltink et al., 2004) such that:
where = and = , refers to the concentration vector of all species, denotes the porosity, represents the liquid density, stands for the mass fraction of pure water in the liquid, signifies the Darcy flow vector, corresponds to the effective diffusion/dispersion tensor, which is assumed to be identical for all aqueous species, and designates the specific pressure storativity. Note that as D is assumed identical for all aqueous species, charge balance is preserved in the system.
Darcy flow is defined as:
where stands for the intrinsic permeability of the medium, denotes the dynamic viscosity, refers to the liquid pressure and is the gravity acceleration.
The model is coupled in two-ways; chemistry affects fluid flow and hydrodynamics influence chemical reactions. In our system the effect of non-carbon species on fluid density is negligible compared to that of dissolved inorganic carbon ( ) (Yang and Gu, 2006) . Density can be assumed, therefore, to be a linear function of local dissolved carbon concentration (considering all of the carbon aqueous species:
with an initial density ( 0 ) and a compressibility factor ( ) in accord with
The compressibility factor is based on that reported by Yang and Gu (2006) (Table 2 ) and results in a density difference between a CO2-free and a CO2-saturated fluid of 1% in accordance with previous studies (Garcia, 2001) . Porosity depends on the mineral volumes of the media in accord with
where stands for the volume fraction of non-reactive minerals, refers to the molar volume of reactive mineral, and denotes the mineral concentration, expressed as moles of mineral per volume of porous medium, of each reactive mineral present in the aquifer. The permeability variation due to carbonate dissolution can be described using a power-law function of the porosity (Civan, 2001) . Carroll et al. (2013) showed experimentally that the exponent for homogeneous carbonate rocks is 3 such that
In media where diffusion dominates over dispersion and with relative low tortuosity, effective diffusion can be described using the molecular diffusion coefficient ( ) times the porosity in accord with
The chemical system
The chemical composition of the solid matrix and the fluid in the model are based on that of the pilot CCS injection site in Hontomín, Spain. The aquifer is composed of carbonate rocks hosted by a sulfate-rich fluid, in equilibrium with calcite ( 3 ), dolomite ( ( 3 ) 2 ) and gypsum ( 4 · 2 ), at a temperature of 80 °C (Garcia-Rios et al., 2014) . Dolomite is assumed to be unreactive in this model due to its slow dissolution rates compared to calcite (Pokrovsky et al., 2009) . Gypsum rather than anhydrite precipitated in experiments performed with similar fluid composition and temperature (Garcia-Rios et al., 2014) so it has been included in the model. Two end member fluids are considered to mix in the model calculation (Table 1) : 1) the native formation fluid corresponding to that currently present in the Hontomín formation, CIUDEN pers. comm., 2011, and 2) a CO2-rich fluid obtained by equilibrating this native formation fluid with CO2 gas at a partial pressure of 50 atm. Thus, the concentrations of all species in these two fluids are identical except for its carbon content and pH. The CO2-rich fluid has a higher density and lower pH than the native formation fluid. While the native formation fluid is in equilibrium with the rock, the acidic CO2-rich water will promote carbonate dissolution, increasing the rock permeability and potentially leading to the formation of wormhole-like flow structures (Fredd and Fogler, 1998; Hoefner and Fogler, 1988) . Calcite dissolution will increase the aqueous fluid calcium concentration, which will promote gypsum precipitation. These aqueous phase reactions and mineral-fluid reactions are summarized below, together with their equilibrium constant ( for aqueous species) or solubility constant ( for the mineral reactions). Thermodynamic data for the phases in reactions (8) to (12) were taken from the llnl.dat database (Delany and Lundeen, 1990) . The activity coefficients are calculated following the B-dot equation (Helgeson, 1969) for all species except for aqueous carbon dioxide which activity is evaluated as a function of ionic strength based on the parameterization of Drummond, (1981) .Gypsum precipitation is relatively fast and is assumed to occur at local equilibrium. In contrast, calcite dissolution has been modelled using the kinetic rate ( ) expression provided by Plummer et al. (1978) :
where designates a rate constant, refers to the constant reactive surface area per mol of mineral, stands for the saturation index of calcite, represents an exponential factor and and 0 signify the mass of calcite per cubic meter of media currently and initially. Note that provision for calcite precipitation is not included in the modelled system. Although the Plummer et al. (1978) kinetic rate expression was developed for temperatures between 0-60 °C and CO2 pressures of 0-1 atm, more recent calcite dissolution studies (Talman et al., 1990; Zhang et al., 2007) demonstrated its applicability at temperatures to at least 210 °C. In addition, Pokrovsky et al. (2009) showed that pH is the main driver of calcite dissolution reaction rate in acidic fluids.
Dimensionless parameters
To generalize the results of this study, allowing its comparison and application to different scales and conditions, the computational results have been recast as functions of dimensionless parameters. Classically, convection due to gravity instabilities have been characterized using the Rayleigh number (Ra), which is the ratio between buoyancy and diffusion forces and given by
where ∆ refers to the maximum density contrast between the end-member fluids and the characteristic length of the system, in this case the vertical extent of the domain.
Systems with a high advective flow compared to diffusion have a high Rayleigh numbers.
This will be the case for high permeable aquifers like the Sleipner (Bickle et al., 2007 ) that would have, for the same conditions as this model, a Rayleigh number of approximately 3700. In contrast, the less permeable layers of the Mount Simon sandstone (Zuo et al., 2012) would have a Rayleigh number of around 70.
The Damköhler number (Da) expresses the ratio between reaction and diffusion rates and will be used to characterise the reactivity in the model:
A high Damköhler number indicates a system with high reactivity. Such can be due to the occurrence of fast reactions (e.g. a limestone mostly composed by calcite will have higher Da than a dolostone) or to the presence of minerals having a high reactive surface area.
Numerical modelling
The numerical model consists of a homogeneous two dimensional domain initially filled with the native formation fluid overlaid by the CO2-rich fluid (Fig. 1) . The system initially has hydrostatic pressure conditions and no flow is allowed through its boundaries. No mass transfer occurs through the lateral and bottom boundaries. The presence of a constant, fixed carbon concentration in the top of the domain is assumed, neglecting potential effects of crossflow between the native brine and supercritical CO2 and resulting volume changes (Emami- Hidalgo and Carrera, 2009 ).
This assumption can increase the onset of convection time and reduce the rate of CO2 dissolution. In this study the dissolution rate of supercritical CO2 into the native formation Table 2 ). The
Hontomín aquifer is composed of carbonate rocks. It is assumed that only 5% of the total aquifer volume consists of reactive calcite. Low values of the specific surface area were chosen to evaluate the far from equilibrium evolution of the system and may be consistent with industrial CCS applications due to the discrepancy between theoretical kinetic rates and the rates measured on field sites (Garcia-Rios et al., 2014; Kampman et al., 2014) . A set of hydrodynamic and geochemical conditions was simulated for various Rayleigh and Damköhler values as summarized in Table 3 .
A model domain 10 m length by 5 m depth (see Fig. 1 ) was chosen to be large enough to avoid boundary effects in both vertical and horizontal dimensions. A quadratic grid of 32,500 elements with a refinement in the upper layers was used in all simulations, while the total simulation time and the time steps were adapted depending on the velocity of the developed convective fingers. The total simulation time varies from 1 to 6 years and the time step varied from 1×10 5 to 5×10 5 seconds. The spatial and temporal discretization was chosen following stability and accuracy criteria such Peclet and Courant numbers.
Furthermore, sensitivity analysis on both time and spatial discretization were performed.
The coupling between fluid flow and geochemistry was performed using iCP (interface COMSOL-PHREEQC), a platform for the simulation of complex THCM (Thermo-HydroChemical-Mechanical) problems (Nardi et al., 2014) . It articulates two codes, the geochemical software PHREEQC (Parkhurst and Appelo, 2013) and the multiphysics software COMSOL (Multiphysics, 2013) . The reactive transport equations are solved with a sequential non-iterative approach (SNIA) (Saaltink et al., 2001 (Saaltink et al., , 2000 Yeh and Tripathi, 1989) . The conservative solute transport is computed in the first step with COMSOL while geochemistry is solved in a second step in PHREEQC. Compared with an iterative scheme, the SNIA does not pose global convergence problems although a tight control on the time step is required to minimize operator-splitting errors (Barry et al., 1996; Carrayrou et al., 2004; Jacques et al., 2006) .
Results

Convective mixing
The modelled hydrodynamics is consistent with previous models of subsurface carbon injections (Hidalgo and Carrera, 2009; Kneafsey and Pruess, 2010; Riaz et al., 2006; Slim, 2014) . Initially CO2 penetrates the native formation fluid by diffusion, creating a diffusive boundary layer (Fig. 2a) . With time, the density at this boundary layer increases generating instabilities, triggering convection, and creating fingers (Fig. 2b,c) . These fingers merge to form larger fingers creating a more complex convective flow pattern with denser fingers migrating downwards, while the less dense native formation fluid migrates upwards. When the native formation fluid reaches the upper boundary, the upward flow turns and progresses horizontally, generating new fingers. The horizontal stream of less dense native formation fluid pushes the newly formed fingers until they coalesce with more developed fingers. A narrowing of the well-developed fingers is also observed (Fig.   2d ). Well-developed fingers move rapidly downwards, creating highly concentrated areas that may, eventually, separate from the main body of the finger (Fig. 2e) .
Convective mixing significantly affects the dissolution of supercritical CO2 into the native fluid. The amount of supercritical CO2 dissolved can be quantified through the averaged mass flux of dissolved carbon dioxide ( 2 ) per meter of aquifer lateral extent (
The carbon dioxide dissolution flux curves show the regimes of convection described previously (Fig 3) . The dissolution of CO2 initially occurs only by molecular diffusion into the fluid phase (the pure diffusive flux curve is drawn in black in Fig 3) . When instabilities appear, convective mixing is triggered and the CO2 dissolution flux increases abruptly. This flux reaches its maximum followed by a minor drop, with same slope as the diffusive flux, due to the merging of small fingers into larger fingers. Finally, the dissolution flux stabilizes at a much higher value than for the pure diffusive process.
Onset time of convection ( ) is a term used to quantify the transition point between
diffusive to convective flux regime. Different definitions have been used in the literature (Pau et al., 2010; Pruess, 2008) . In this study will be defined as the minimum in the CO2 dissolution flux curve (Hidalgo and Carrera, 2009 ). The time of convection onset and the CO2 dissolution fluxes of the simulated cases are grouped by their Rayleigh number (Fig 3) ,
showing that dissolution is convection dominated. The higher the Ra, the faster the onset time of convection and the higher CO2 dissolution rate. For simulations having equal Da number, the maximum dissolution flux increases linearly with the Rayleigh number. There is also an influence of geochemistry. The higher the reactivity of the system, the higher the CO2 flux into the fluid phase for same Ra number.
Effects of Chemical Reactions
The acidic CO2-rich fluid dissolves calcite, triggering chemical processes that alter the distribution of chemical species in the system. Carbon release due to calcite dissolution, leads to a higher concentration of dissolved carbon. In cases where the carbon concentration is close to its saturation limit this could diminish CO2 dissolution. In contrast, a higher dissolved carbon content generates a higher density gradient between the fluids, promoting enhanced convective mixing. In addition, calcite dissolution releases Ca 2+ to the fluid leading to supersaturation and gypsum precipitation. Gypsum acts as a Ca 2+ sink leading to faster calcite dissolution that, in turn, increases porosity and permeability of the aquifer, further enhancing the CO2 dissolution flux. Gypsum precipitation consumes SO4 2-and water, which modifies the concentration of otherwise conservative species.
Convective mixing affects all reactions producing non-uniform patterns of calcite dissolution and gypsum precipitation, and a heterogeneous distribution of reactive solutes (e.g. Ca and S) and slight variations of non-reactive solute concentrations (e.g. Cl) (Fig. 4) .
Calcite dissolution, driven by the pH, occurs mostly in the upper part of the domain. While dissolving, calcite buffers the acidic fingers, limiting the advance of the reactive low pH front. As can be seen in Fig. 4 and Fig. 6c , the area where pH is at or below 5 is limited to the upper meter of the domain. The availability of calcite controls the pH of the fingers and, therefore, the calcite content is critical for the development of heterogeneous porosity and persistent flow patterns. The less calcite, the larger the porosity channels will be. In our model, calcite was not exhausted in any point and simulation and only the first stages of porosity channeling pattern are observed (Fig. 5) .
Although porosity increase is most pronounced in the upper layer of the domain, finger shaped dissolution patterns are evident in the lower parts of the aquifer as well (Fig. 5) .
Dissolution is concentrated at the finger margins and not at the tip or in the interior, as illustrated by the tip splitting of porosity development in Fig. 5 . This result illustrates the role of fluid mixing in the reactions and is consistent with previous studies (Fu et al., 2015; Hidalgo et al., 2015) . Note that in this study porosity development is moderated by gypsum precipitation. As the molar volume of gypsum (0.07431 l·mol -1 ) is double that of calcite (0.03693 l·mol -1 ), gypsum precipitation has a significant effect on the porosity and permeability, causing porosity reduction in some parts of the aquifer (Fig. 5 ). Similar to calcite dissolution, gypsum precipitation occurs in the areas of higher fluid mixing.
To gain insight into the interaction between geochemistry and convective mixing, the vertical profiles of density variation, porosity, pH and aqueous sulphur after one year of simulation are shown for cases performed using equal high Rayleigh numbers but different calcite reactivities (Fig. 6) . In this chemical system, reactivity enhances convection (Fig. 6a) . A higher dissolved carbon content due to calcite dissolution promotes a higher density contrast leading to a stronger convection and a deeper finger penetration. The influence of mineral reactivity is most evident in the pH and sulphur profiles. Cases with higher calcite reactivity better buffer the acidic pH front (Fig. 6c ) and release more Ca 2+ . The abundance of calcium promotes gypsum precipitation and, thus, decreases aqueous sulphur concentrations (Fig. 6d) . The increase of gypsum precipitation rates for cases of high calcite reactivity is also evidenced by a slight reduction of porosity 8 cm below the upper limit of the domain (Fig. 6b) .
Nevertheless, fast calcite dissolution rates lead to a higher porosity development overall.
To further characterize mineral phase evolution, the average calcite dissolution and gypsum precipitation rates were evaluated over the whole domain. The influence of the Damköhler number on calcite dissolution rates can be seen in Fig. 7a .
Simulations with low
Da number show almost no dissolution, while simulations performed using a medium Da generated rates below 1.8 x10 -8 (mol·m -2 ·s -1 ). High Da numbers result in calcite dissolution rates that are twice that of the medium Da simulations, except in the case of low Rayleigh number (RaL-DaH) due to the longer times required for the onset of convection in the simulation. Dissolution rates tend to increase with time in all the simulations, although some fluctuations occur after the onset of convective flow (Fig. 7a) .
Simulations with high
Da show an initial drop in the dissolution rate, indicating that calcite dissolution is limited by carbon dioxide diffusion into the aquifer for the cases with higher chemical potential.
The influence of convective flow is evidenced by the quantity of calcite dissolution when increasing Ra number for an equal chemical potential.
The driving force for gypsum precipitation is the increased Ca 2+ concentration stemming from calcite dissolution. Gypsum precipitation is, consequently, linearly related to calcite dissolution (Fig. 7b) . Gypsum is in local equilibrium, but the gypsum precipitation rate is one order of magnitude lower than the calcite dissolution rate. Therefore, a net porosity increase is observed.
Controlling parameters
Onset time of convection ( ) shows a clear relation with ~1/Ra 2 (Fig. 8c) . Riaz et al. (2006) demonstrated that scales with ~2 ( ∆ ) The total amount of carbon dissolved and the maximum downward penetration depth of the fingers also illustrate the relevance of the Rayleigh number on the system (Fig. 8a,b ).
Both are linearly related to the Ra number and little impact of the chemical reactions is observed. However, a system with a higher reactivity (high Damköhler number)
accelerates convection, leading to shorter convection onset times, enhanced CO2 dissolution, and longer fingers.
Porosity development is driven by both physical and chemical processes ( 
Conclusions
The interaction between convective flow and geochemistry in a subsurface saline aquifer has been investigated using a coupled reactive transport model. The carbonate aquifer with a high aqueous sulphate content modelled in this study is representative of the natural Hontomín pilot CCS storage site and it is anticipated that the behavior calculated in this study may provide insight into other potential carbon storage aquifers.
As expected, fingering favors CO2 dissolution, leading to more stable storage and to a safer CO2 injection. Convective mixing is expected in CCS sites, although the time of onset will vary dramatically with the Rayleigh number of the aquifer. Once started, convective mixing will take place until the aqueous concentration of CO2 is homogenized throughout the aquifer. This depends on the width of the aquifer. Although the key driving force of convection and, thus of CO2 dissolution, is the Rayleigh number of the system, it is also influenced by chemical reactions. Contrary to previous studies with a single chemical reaction consuming carbon dioxide Cardoso, 2012, 2011; Ghesmat et al., 2011) , in the chemical system analysed in this study, the higher the mineral reaction rates, the faster the onset of convection; which in turns leads to higher CO2 dissolution rates.
Convective mixing leads to a heterogeneous distribution of aqueous species and non- The role of non-carbon minerals and species on the dissolution of CO2 is demonstrated to be significant. Although, gypsum precipitation reduces porosity and permeability, it also acts as a Ca 2+ sink, leading to further calcite dissolution. Thus, gypsum precipitation generally enhances porosity development. This coupling between reactions and fluid flow
are not obvious and demonstrate need for comprehensive flow models that includes a realistic description of the chemical system.
For the aquifer chemical composition of this study, a relatively accurate estimate of the CO2 dissolution rate could be obtained from the Rayleigh number of the system alone.
This, however, depends on the specific conditions of each injection site. Coupled models to study the interaction between fluid flow and geochemistry would be needed to ensure the precision of physical models to accurately represent carbon-dioxide injection into subsurface storage sites. Figures   Fig. 1 . Schematic illustration of the domain and boundary conditions considered in this study. The migration of supercritical CO2 as well as its dissolution in the native brine promotes the convective mixing of the fluids. Table 3 . Conservative refers to simulations without chemical reactions and equilibrium refers to simulations assuming calcite is in equilibrium with the fluid phase. The results of DaH and DaL are similar to the equilibrium and conservative simulations, respectively and in some cases their curves overlap. Both axis are in logarithmic scale. Fig. 4 . Distribution of change in calcite content, change in gypsum content, pH, calcium, sulphur and chlorine for the simulation with Rayleigh = 3600 and Damköhler = 9.21x10 6 (RaH-DaM) after one year. Note the different scales and units. The changes in mineral content is illustrated in mol·m -3 of aquifer and in log scale, areas with no change in mineral content are shown in white. Table 3 . Simulations with low Da (around 1.85x10 4 ) are difficult to distinguish in (a) due to their small dissolution flux. The slope of the linear regression between calcite dissolution and gypsum precipitation is plotted in (b). Tables   Table 1 Chemistry of the two end-member fluids at 80°C. Concentration in mmol·kgw -1 . Density is given in kg·m Table 2 Model parameters. The calcite dissolution rate equation is taken from Plummer et al. (1978) , where 1 , 2 and 3 are detailed. This equation is already implemented in the llnl database (Delany and Lundeen, 1990 
